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Zeolites [1] [2] [3] are important heterogeneous acid catalysts.A mong them, there is as et with structures consisting of lamellar sheets.
[4] These 2-dimensional (2D) layered zeolites, which can be manipulatedb yc alcination, swelling, pillaring, or exfoliation (delamination), are regarded as promising catalysts for reactions involving bulky molecules. [4] [5] [6] [7] Swellingf ollowed by delamination or pillaring are routes for creatingm esoporosity in between the 2D layers.G enerally,s welling is as tep performed to expand the inter-layer spacing; it is achieved by using long chain surfactants that interact with the silanols between the layers. [4, 7] Usually,t his step may be performed under aggressive conditions, which may lead to partial dissolution and destruction of the layers. Delamination or exfoliation is performed after swellingt oo btain individual layers or few-layer stacks. [7] [8] [9] [10] Compared with delamination, pillaringl eads to am ore uniform and ordered structure.
[11] It is performed by placing oxide pillars between adjacent layers to create mesopores. [7] Pillared MWW in its aluminosilicate form (called MCM-36) was first introduced in the 1990s by pillaring the layered precursor( MCM-22(P)) in an effort to combine the Brønsteda cidity of zeolites with accessibility to bulky molecules. [7] Since then, numerouss tudies have attempted the structuralc haracterization of pillared aluminosilicate MWW and to find its correlation with catalytic activity. [11, 12] To obtain pillared layered materials with highly crystalline layers, the conditions under which the swelling step is performed are decisive and should be well-controlled. For example, mild swelling of MCM-22(P) resultsi napillared materialw ith improved structural preservation of the 2-dimensional MWW layers,w hich hasb een correlated with improved catalytic performance. [13] As aL ewis acid catalyst, [14] [15] [16] [17] [18] [19] [20] [21] Sn-MWW has attracted attention from both the synthetic and catalytic perspectives. Hensen et al. developed a" re-growth" method for preparing Sn-MWW, which was highly active for the conversion of trioses to methyl lactate and lactic acid. [14] Hydrothermal synthesis of Sn-MWWand its transformation to an MCM-56 analog were reportedb yW u'sg roup. [15a] Zones et al.s tudied delaminated Sn-MWW as an effective solid Lewis acid catalyst for the BaeyerVilliger oxidation.
[15b]
Here, we present the preparation of pillared Sn-MWW with well-preserved intra-layer crystallinity and compare its performance with that of other catalysts for the Baeyer-Villiger oxidationa nd mono-a nd disaccharide isomerizations. Ta ble 1 lists the zeolite samples prepared in this study.D etailed informationr egarding their synthesis can be found in the Supporting Information.
Swelling of the layered precursor,B -MWW(Pr), was performed under mild conditions to avoid destructiono ft he intra-layer crystallinity.A ss hown by the XRD patterns in Figure 1A ,t races aa nd b, the (0 01)p eak shifted from 2 q = 3.25 to 2.58,c orrespondingt oa ni ncrease in layer spacing. Intralayer peaks (2 20)and (3 10)are clearly observed in the swollen material, indicating that the crystallinityo ft he layers was preserved.
[13] Figure 1A ,t race c, shows the XRD pattern of the pillared material, B-MWW(SP). The low-angle (0 01)p eak at 2 q = 2.068 (corresponding to a d spacing of 43 , which is characteristic of MCM-36) indicates that B-MWW(SP) is successfully pillared. The (0 02)a nd (0 03)p eaks reflect ordered inter-layer stacking. In the wide-angle range, the (1 00), (2 20) , and ( 3 10) reflectionsa re retained ( Figure 1A ,t race d), suggesting preservation of the intra-layer structure.
The argon adsorption ( Figure 1B )i sotherm indicates ap ore size distribution centered around 3.0 nm for the pillared sample, whereas no such peak was detected in the mesopore range for B-MWW(3D). The SEM image of B-MWW(SP)s hows that the originalm orphology of B-MWW(Pr), as seen in Figure S1 in the Supporting Information, was retained ( Figure 1C ). The TEM image of B-MWW(SP) shows regularly spaced layers with high crystallinity ( Figure 1D ).
After swelling and pillaring, the 12 membered ring (MR) MWW semi-cups, which are present on the external surface of MWW layers,w ill be accessible through the mesopores. For Sn incorporation using the solid-state-exchange (SSE) approach shown in Scheme S1 (in the Supporting Information), first boron removal from B-MWW(SP)w as performed by acid treatment [14] and then SSE Sn insertion was performed by contacting with tin tetrachloride pentahydrate followed by high temperaturec alcination. [16a] Figure The diffuse reflectance UV/visible( DR-UV/vis) spectrum of Sn-MWW(SP)-SSE exhibits am ain peak centered at 205 nm ( Figure S5 in the Supporting Information), which is assigned to the tetrahedrally coordinated Sn species.
[15b, 23a] The Lewis acidic properties of Sn-MWW(SP)-SSE werep robed with adsorption of deuterated acetonitrile, followed by FTIR spectroscopy( Figure2A). CÀNs tretching vibrationp eaks corresponding to physisorbed( % 2261 cm
), and Lewis-acid-bound ( % 2305 cm À1 )d euterated acetonitrile are evident. [23] Similar CÀNs tretching vibrations of adsorbed deuterated acetonitrile were also observed for Sn-MWW(3D) as shown in Figure 2C .T he IR spectra of pyridine adsorbed on Sn-MWW(SP)-SSEa fter evacuation at different temperatures are shown in Figure 2B .I na ddition to the bands attributed to Lewis acid sites (1449, 1489, 1607, and the shoulder peak 1613cm À1 ), there are bands (1489, 1543, and faint peak 1636 cm À1 )c orrespondingt op yridine adsorbed on Brønsted acid sites. [14, 24] Loss of the intensity after evacuation at 350 8C, suggests aw eaker Brønsted acidity than that associated with Al Brønsted acid sites. [24] The weak Brønsted acidity was also observed in Sn-MWW(3D) ( Figure 2D ). The Brønsted acidityo fb oth samples can be attributed to boron remaining after acid leaching. Ratios of Si/B % 200 for Sn-MWW(3D)a nd Si/B % 300 for Sn-MWW(SP)-SSE, determined by inductively coupled plasma optical emission spectrometry (ICP-OES), further support this hypothesis.
Sn-MWW(SP)-SSE was testeda sacatalyst for the Baeyer-Villiger oxidation of the cyclic ketone 2-adamantanone andc ompared with variousz eolite catalysts (Table 2, Ta bleS1i nt he Supporting Information). There is no lactone produced over bulk Sn-MFI, [25] as the 10 MR channels are too small to accommodate 2-adamantanone, which has an estimated size of 7.0 . [26] Sn-MWW(3D) shows 49.4 %c onversion and 48.2 % yield of lactone after 4h reaction. The activity is mainly attributed to Sn sites located on the externals urfacea st he intralayer 10 MR should not be accessible to such bulky molecules and the large super cage (with an inner diameter of approxi- www.chemcatchem.org mately 7.1 a nd height of approximately 18.2 ) can only be reachedt hrough the 10 MR channels. [5, 27] As expected, Sn-MWW(SP)-SSE shows much higher activity (90.5 %c onversion and 85.1 %y ield of lactone) than that of Sn-MWW(3D). Furthermore, Sn-MWW(SP)-SSE shows even better catalytic performance when compared with that of the state-of-art catalyst Sn-BEA-F (82.3 %conversion and 79.4 %y ield of lactone).
To further explore the active sites of Sn-MWWc atalysts and their accessibility,m ono-a nd disaccharide isomerizationsi nvolvingl arger molecules were investigated. Glucose (GLU) isomerization was performed in ethanol by following the reaction sequence reported in ref. [28] .A ccording to this procedure (Scheme S2 in the Supporting Information), GLU is first reacted to produce am ixture of fructose( FRU;G LU isomerization product) and ethyl fructoside (FRU ketalization product with alcohol).U pon addition of water,h ydrolysis of the fructoside yields FRU. [28, 29] With this approach, the FRU yield could be increasedc ompared with that achieved by isomerization in water.B yp erforming GLU isomerization in this way,b oth Sn-MWW(3D) and Sn-MWW(SP)-SSE have shownh igh FRU yield (> 50 %) and high FRU selectivity (around 70 %) at similar GLU conversionsofa round7 5% (Figure 3 , Figure S6 in the Supporting Information) after 24 ho ft he reaction. This is comparable to the previously reported performance of Sn-SPPa nd much higher than that of Sn-BEA-F (Table S2 in the Supporting Information). [29] As can be seen from Figure 3 , the yield of fructose on Sn-MWW(SP)-SSE exceeds 50 %a fter about 8h,w hereas with Sn-MWW(3D), it reaches comparable levelsa fter 24 h. It is reasonable to attribute this difference to the alleviated diffusion limitations on Sn-MWW(SP)-SSEc ompared with Sn-MWW(3D), as similar acidic properties of the two catalysts have been confirmed by FTIR, and the reaction appearst op roceed with asimilar mechanism in both catalysts as discussed next.
The isotopic identity (H or D) at the C1 positionw as determined by 13 CNMR spectroscopy forf ructoseg enerated through glucose isomerization catalyzed by Sn-MWW(SP)-SSE in methanol with inverse isotopic enrichment at the C2 position of the startingg lucose( e.g.,f or glucose with natural abundanceHa tC2, ther eaction was run in [D 4 ]MeOH). No isotopic scrambling with the solventw as observed ( Figures S7, S8 in the Supporting Information), strongly suggesting that this isomerization proceeds primarily througha1,2-intramolecular hydride shift that hasb een associated with the framework Lewis acidic "open" Sn sites in Sn-BEA, [30] rather than through an enolization mechanism that prevails on SnO 2 and homogeneous bases in methanol. [31, 32] Similarly,i ti sd emonstrated that in the presence of Sn-MWW(3D), the isomerization reaction proceeds by way of an intramolecular hydride shift( Figures S7,  S8 ). [30] [31] [32] We also tested the long-term stability of the Sn-MWW(SP)-SSE catalystb yp erforming reactions over recycled and calcined catalysts. It was found that the catalystr etains its glu- ChemCatChem 2016, 8,1274 -1278 www.chemcatchem.org cose isomerization activity after at least five runs ( Figure S9 in the SupportingInformation).M oreover,the ordered layer structure and intra-layer crystallinity of the used zeolite catalyst after the fifth run are still preserved as confirmedb yXRD and Ar adsorption/desorption isotherms ( Figure S10 in the Supporting Information). Next, maltose,w hich is am uch larger molecule, wasa lso used as the isomerization substrate to probe the accessibility of the activesites of the Sn-BEA-F and Sn-MWW catalysts. Similarly to GLU isomerization,w hen maltose (MAL) to maltulose (MALTU) isomerization was performed in alcohols (such as ethanol and n-propanol), intermediates, which can be converted back to the isomerized sugar through ah ydrolysis step, were observed( Scheme S3 in the Supporting Information). As presented in Table 3 , after 24 ho fr eaction, Sn-BEA-F shows MAL conversion of 8.9 %i ne thanol and 8.0 %i nn-propanol, which are much lower than that of Sn-MWW(3D)( 40.5 %c onversion, 33.6 %y ield in ethanol and 38.9 %c onversion, 28.9 %y ield in n-propanol) and Sn-MWW(SP)-SSE (79.4 %c onversion, 61.1 % yield in ethanol and 75.6 %c onversion, 59.1 %y ield in n-propanol). Compared with Sn-MWW(3D),S n-MWW(SP)-SSE shows higher MALTU yields both in ethanol and n-propanol (Table 3 ). For am ore detailed comparison of the catalytic performance of these two materials, the reaction in n-propanol was followed as af unction of time. Sn-MWW(SP)-SSE exhibits higher MAL conversion and MALTU yield over all the reaction times (4 ht o3 0h)b ut both materials show similar selectivity and their yield versusc onversion curveso verlap and complement each other (Figure 4 ).
In conclusion, it was demonstrated that mesoporous pillared Sn-MWW( Sn-MWW(SP)-SSE)w ith ordered inter-layer stacking and preservedi ntra-layer crystallinity was obtainedt hrough as olid-state-exchange method. It wasf ound to be an active and regenerable catalystf or the Baeyer-Villiger oxidation and mono-a nd disaccharide isomerization, and, in certain cases, superior to other Sn-based zeolites.
